Background: The pathogenic role of mycoplasmas in the lower respiratory tract (LRT) of dogs is debated, because mycoplasmas can be isolated from both healthy and sick dogs.
| INTRODUCTION
Mycoplasmas are bacteria that occur as commensal organisms or opportunistic pathogens in plants, mammals, reptiles, birds, and insects. 1, 2 Because of limited metabolic capability, which is a consequence of their small genome and lack of cell wall, they are fragile and challenging to culture. Therefore, culture and sensitivity may be a poor method to diagnose mycoplasmal infection. [3] [4] [5] Furthermore, each species cannot be differentiated on morphology alone. Species may be identified by biochemical, nutritional, or serological studies. However, cross reactivity among species remains possible. 5, 6 Polymerase chain reaction (PCR) has been developed to detect mycoplasmal organisms from culture samples and clinical specimens and to accurately identify species. 1, 7 By amplifying mycoplasmal DNA, PCR may be more sensitive than culture. 8, 9 However, it may not indicate active infection, decreasing its specificity.
Serology may be used, but a 2-to 4-fold increase in the titer is needed to establish a diagnosis of active infection, as with other immunoglobulin G-based serology testing. 8 In dogs, many Mycoplasma spp. are thought to form part of the normal bacterial flora of the upper airways. 4 A recent study evaluating the microbiome of healthy dogs showed that mycoplasmas occurred in decreasing frequency from the nasal cavity to the lower airways. 10 This could suggest that colonization of the lower respiratory tract (LRT) by mycoplasmas may arise from the upper airways. 10 Mycoplasmas have been isolated in pure culture from dogs with LRT disease, suggesting that they may be primary respiratory pathogens in dogs. 11 However, another study showed that dogs with LRT disease that had Mycoplasma spp. identified by PCR in bronchoalveolar lavage fluid were 5.1 times more likely to have evidence of oral bacterial contamination. 12 This finding could suggest that, although Mycoplasma spp.
have been found in dogs with LRT disease, they could simply represent oropharyngeal contamination.
Mycoplasmas may be isolated from the LRT more often in dogs that are <1 year old. 13 As such, Mycoplasma spp. may play a role in the infectious respiratory disease complex in dogs. 13 It is possible, however, that clinical signs may be more attributable to viruses or Bordetella sp. rather than to primary mycoplasmal infection in puppies.
In cats, some mycoplasmas, such as Mycoplasma felis, may be more pathogenic than others. 14 This also may be the case in dogs 1 ; Mycoplasma canis, Mycoplasma cynos, Mycoplasma edwardii, and Mycoplasma spumans all have been reported in dogs with LRT disease, among others. 3, 15 These potential biases could explain why some studies have shown an association between some mycoplasma species and LRT infection in dogs, yet others have not. It is difficult to make any definitive conclusion on the basis of these individual studies. It may be possible to determine the role of Mycoplasma spp. in LRT disease in dogs more definitively by means of a systematic review, which selects only well-designed studies and identifies bias in a standardized way in each individualized study, and by a meta-analysis, which reassesses the association between Mycoplasma spp. and LRT diseases after attributing a weight to each study based on its precision. 16, 17 The purpose of our study was to critically assess and analyze, by means of a critical review and meta-analyses, the role of 4 mycoplasma species in the development of LRT disease in dogs.
| MATERIALS AND METHODS
The systematic review and meta-analysis were performed and reported in accordance with the Preferred Reporting Items for Systemic Reviews and Meta-Analyses guidelines for systematic reviews and meta-analyses. 18 
| Review question and literature selection
The review question was developed according to the population, exposure, comparator, and outcome format for assessing the effect of an exposure on a disease. 19 In dogs with clinical signs of LRT disease, the presence of mycoplasmal organisms was determined by PCR or bacterial culture of lower airway samples, or by seroconversion using paired serum samples. The primary outcome measure investigated was presence of Mycoplasma spp. in LRT samples or a 2-fold or higher increase in specific antibody titers. Studies using oral or upper airway sampling techniques were not included. 12, 20 Seven indexing and abstracting services (PubMed, Scopus, ISI Web of Science, EBSCO, ProQuest, Google Scholar, and the Cochrane Library) were searched from July to August 2017 to identify relevant primary research related to the research question. For all 7 databases, the following search terms were used: "mycoplasma AND (dogs OR canine) AND (bronchitis OR (lower AND airway) OR respiratory)." A filter for citations from the veterinary field only was used when searching Scopus and ProQuest databases. The "bronchitis OR (lower AND airway)" terms were used to focus the search on mycoplasma infection of the LRT. The search in Google Scholar returned 9010 articles but only the first 925 were available for review. Two of the authors (A.J. and E.R.) independently assessed articles for inclusion.
Discrepancies in articles chosen were resolved with further review by the third author (K.L.B.). All articles, without restrictions on language or time period, were considered for inclusion. However, articles published in any language other than English were considered for inclusion only if sufficient information could be retrieved after translation by Google Translate to assess eligibility and extract relevant data.
All retrieved citations were screened to determine whether they met the following 4 eligibility criteria:
• Was the study relevant to the review question? An answer of no was assigned if the study was obviously irrelevant (eg, the study was not about Mycoplasma spp.).
• Was the research conducted in dogs with clinical signs of respiratory tract disease? An answer of no was assigned if the study was conducted in any species other than dogs or if the study was conducted in dogs that did not have clinical signs of respiratory tract disease.
• Did the study assess the presence of Mycoplasma spp. in the study population? An answer of no was assigned if the presence of mycoplasmal organisms was not determined by sampling of the LRT or evidence of seroconversion on paired blood samples.
• Did the study compare the presence of mycoplasmal organisms in case dogs with the presence in control dogs free from clinical signs of respiratory tract disease? An answer of no was assigned if the study did not include healthy control dogs.
Studies were included in the review only if the response to all 4 eligibility criteria was yes. When it was not possible to determine from the abstract and title whether a study met the eligibility criteria, the full text was evaluated. Manual searches for additional eligible studies were performed by reviewing the reference lists of studies selected for inclusion, along with published reviews on respiratory mycoplasmosis in dogs. 1, 21, 22 
| Data extraction
The following data were extracted from studies that met the eligibility criteria: name of the first author, publication year, numbers of case and control dogs, number of samples positive for Mycoplasma spp., clinical signs shown by case dogs, how the diagnosis was made, the technique used to obtain samples from the lower airways, the diagnostic method used to identify mycoplasmal organisms (PCR assay, bacterial culture of organisms from the LRT, or serology), the mycoplasma species identified, and the environment of case and control dogs.
| Risk of bias assessment
For the studies considered for inclusion in the review, the Newcastle-Ottawa Scale (NOS) with minor modifications, as used in previous critical reviews and meta-analyses, was used to assess the risk of bias. 14, 23 The scale consisted of 3 domains, with each domain composed of several criteria. Each criterion was scored either 1 or 0, for a low or high risk of bias, respectively. The 3 domains included selection of the cases and the controls (4 criteria), comparability of the 2 groups (1 criterion composed of 2 parts), and exposure assessment (2 criteria). The exposure assessment domain originally was composed of 3 criteria, but 1 criterion (nonresponse rate) was withdrawn, because it was not relevant for the included studies.
| Exclusion of studies
Studies that met the eligibility criteria were excluded if the specific species of mycoplasma was not identified.
| Statistical analysis
In dogs, mycoplasmal organisms may be commensal or pathogenic; this is variable for each mycoplasma species. 2 Stratified analyses therefore were performed to evaluate the effect of each species of mycoplasma identified in causing LRT disease in dogs. The mycoplasma species evaluated included M. cynos, M. canis, M. spumans, and M. edwardii, because they were the most common species implicated in LRT disease in dogs. 3, 15 For each study included in the review, odds ratios (ORs) and their 95% confidence intervals (CIs) were calculated on the basis of num- Accurate estimation of the effect size may be problematic when a small number of studies is included in a meta-analysis. According to the most recent literature, the Bayesian method is recommended to estimate the effect size in meta-analyses with few studies. [24] [25] [26] Therefore, a random-effects Bayesian model was used to assess the association between the presence of mycoplasmal organisms in dogs and the pres- and inverse gamma (0.01, 0.01) prior distributions were considered for the parameters θ (overall mean log OR) and τ 2 (between-trial variance).
For all meta-analyses, a pooled OR of approximately 1.5 was considered a mild association, a pooled OR of approximately 2.5 was considered a moderate association, a pooled OR of 4 was considered a strong association, and a pooled OR of approximately 10 was considered a very strong association. 27 Heterogeneity was assessed to determine whether the true effect in all studies was the same. 28 The chi-squared test was used to evaluate if there was heterogeneity among the studies in the meta-analyses; a P-value >.1 indicated there was no significant heterogeneity in the studies detected. The I 2 (measure of inconsistency) also was used to evaluate heterogeneity; this measure describes the percentage of variation in ORs across studies attributable to heterogeneity rather than chance. 28, 29 Values of I 2 between 0 and 40% were considered indicative of unimportant heterogeneity, values between 30 and 60% were considered indicative of moderate heterogeneity, values between 50 and 90% were considered indicative of substantial heterogeneity, and values between 75 and 100% were considered indicative of considerable heterogeneity. 30 Sensitivity analysis was conducted to determine whether the exclusion of any single study would result in a significant change in the final results. All analyses were performed using STATA version 14.2 software (StataCorp LLC, College Station, Texas).
| RESULTS

| Study selection and characteristics
Of the 1201 reports that were screened for inclusion in the review, only 6 fulfilled the eligibility criteria. 13, [31] [32] [33] [34] [35] One study was excluded because it did not specify which mycoplasma species was evaluated, 13 leaving 5 studies included in the systematic review and meta-analyses ( Figure 1 ).
| Mycoplasma cynos
All 5 studies evaluated the presence of M. cynos in case dogs versus control dogs (Table 1) . A total of 188 clinically ill dogs (median, 26 dogs; range, 8-108 dogs) and 122 control dogs (median, 16 dogs; range, 10-65 dogs) were assessed. Age distribution was known for 2 studies 31, 35 ; median age of case dogs was 0.5 years (range, 0.2-3.8) 31 and 6 years (range, 2-11), 35 and median age of control dogs was 6 years (range, 0.4-14.2) 31 and 9 years (range, 3.1-17.4). 35 Animals came from a variety of environments: dogs were from kennel or shelter environments in 3 studies 32-34 ; whereas dogs were privately owned and F I G U R E 1 Flow of the study selection process presented to a veterinary hospital in 2 other studies. 31, 35 However, 2 of the 10 control dogs came from a shelter in 1 study. 31 Clinical signs were specifically assessed in 3 studies. 31, 33, 35 One study reported that all case dogs had a chronic, hacking, productive cough. 31 Another study graded severity of respiratory signs, from no clinical signs to coughing, nasal discharge, inappetence, and lethargy. 33 One study reported clinical signs including coughing, respiratory noise, and respiratory distress. 35 Only 1 study used M. cynos-specific PCR to detect organisms from the respiratory tract. 31 Another study used both culture and PCR to identify evidence of mycoplasmal infection; the rate of positive results was not significantly different between culture and PCR. 35 Two studies used culture to detect mycoplasma from the respiratory tract of dogs. 32, 33 Species identification was performed by serology in another study, 32 and by PCR in yet another study. 33 One study evaluated the serological response to M. cynos in dogs by measuring paired serum titers in dogs that were admitted to a rehoming kennel, and by comparing serology results between dogs that remained well over a 3-week period to those that developed LRT signs. 34 Bronchoalveolar lavage samples were used for diagnostic testing in most studies. 31, 33, 35 Bronchoalveolar lavage was performed in dogs under anesthesia, 31, 34, 35 or immediately after death. 33, 35 One study used lung tissue samples obtained during necropsy for culture, 32 and another used serum for serology. 34 One study found no significant difference in rate of detection of M. cynos between dogs with LRT signs and healthy controls. 31 Conversely, another study found a significant association between detection of M. cynos and LRT disease in dogs. 33 One study also found a significant relationship between clinical LRT disease and increasing antibody titers to M. cynos. 34 The other studies did not specifically determine if a statistical association existed between M. cynos and respiratory disease, but did note that no mycoplasmal organisms were found in the lower airways of healthy dogs, whereas M. cynos was found in the lower airways of 1/8 and 4/29 sick dogs, respectively. 32 Two studies did not specifically determine if a statistical association existed between each mycoplasma species and respiratory disease. 32, 35 However, 1 study found no evidence of M. canis in the LRT of sick or healthy dogs, whereas M. spumans and M. edwardii only were isolated from the lungs of 2/8 and 1/8 ill dogs, respectively. 32 The other study found M. canis in bronchoalveolar lavage fluid of 3/29 dogs with respiratory disease and 2/16 control dogs. 35 Mycoplasma spumans only was isolated from a single sick dog, whereas M. edwardii only was found in a single control dog. 35 Finally, another study did not find any significant differences in rate of isolation of T A B L E 1 Characteristics of studies included in the systematic review of the association between Mycoplasma cynos, Mycoplasma canis, Mycoplasma spumans, and Mycoplasma edwardii and lower respiratory tract disease in dogs M. canis, M. spumans, and M. edwardii between dogs with LRT signs and healthy controls. 33 
| Risk of bias assessment
The risk of bias assessment showed that only 1 study 35 of the 5 included studies used an appropriate case definition ( Table 2) . In this study, the clinical signs that case dogs showed were clearly described (eg, cough, nasal discharge, difficulty breathing, and lethargy), and respiratory disease was determined by objective measurements (physical examination by a veterinarian, radiography, and tracheobronchoscopy). 35 The other studies all stated that case dogs had signs of respiratory disease but did not precisely indicate whether these signs were evaluated by a veterinarian, veterinary technician, or trained veterinary student. Furthermore, respiratory disease was not specifically confirmed using objective criteria. [31] [32] [33] [34] Finally, cases primarily were included based on Bordetella bronchiseptica infection diagnosis rather than based on the presence of LRT signs in 1 study. 31 For 4 of the 5 studies, selected cases were representative of a well-characterized population in terms of a defined period of time and location. 31, [33] [34] [35] Two studies evaluated dogs with respiratory signs presented to a veterinary hospital, 31, 35 and 2 studies assessed case dogs with respiratory signs that were from a kennel or shelter environment. 33, 34 Lastly, 1 study simply stated that all case dogs came from a kennel, but did not further define the setting. 32 Selection of control patients was adequate in 4 of the 5 studies. [32] [33] [34] [35] In these studies, the control dog population was from the same population as the cases. One study used a control population that was different from the case population, because case dogs were client-owned dogs with B. bronchiseptica infection referred to a veterinary teaching hospital, whereas controls were either healthy dogs belonging to veterinary staff or shelter dogs. 31 Only 2 studies adequately defined control cases; these explicitly stated that control dogs had no history of respiratory disease. 31, 35 The remaining 3 studies only mentioned that control dogs were free of respiratory signs during the study period. [32] [33] [34] None of the studies matched case and control dogs for age, and no studies adjusted the statistical analysis for potential confounders.
Although not sufficient for establishing comparability, control and case dogs were compared in terms of demographic data (age and sex) in 1 study and no statistically significant difference was found between the 2 groups. 35 A concurrent nonmycoplasmal respiratory pathogen (B. bronchiseptica) only was investigated in 1 study, but no adjustment was made for its potential confounding effect. 31 In all studies, the diagnostic method used to identify Mycoplasma spp. in case and control dogs was the same. A score of 1 was assigned if control dogs used in the study were selected from the same population as the case dogs. d A score of 1 was assigned if it was explicitly stated that control dogs had no history of clinical signs of respiratory tract disease; a score of 0 was assigned if the possibility of respiratory tract disease in the recent past was not considered. e A maximum score of 2 was assigned if case and control dogs were matched in the study design and the analysis was adjusted for confounders. A statement that there was no differences between groups or that differences were not statistically significant was not considered sufficient for establishing comparability. If the study adjusted for only 1 confounding factor, a score of 1 was assigned. If the study adjusted for >1 confounding factor, a score of 2 was assigned. Finally, no significant association was found between M. edwardii and LRT disease (Bayesian pooled OR, 1.04; 95% CI, 0.05-23.54; Figure 5 ).
| Pathogenic role of each mycoplasma species
Unimportant inconsistency was detected among studies (I 2 = 12.4%), but this was not found to be statistically significant (P = .32).
| Sensitivity analysis and publication bias
Sensitivity analysis showed that for all 4 meta-analyses, omission of 1 study in each meta-analysis did not significantly influence the overall results of the study (Figure 6 ). Publication bias was not assessed, because all 4 meta-analyses included fewer than 10 studies.
| DISCUSSION
Results of our meta-analyses provided evidence of a significant association between M. cynos and LRT disease in dogs. However, no significant association was found between LRT disease and the other mycoplasma species studied (M. canis, M. spumans, and M. edwardii).
The association between M. cynos and LRT disease could be either causal or consequential. In the latter hypothesis, a primary respiratory pathogen, such as distemper virus, canine adenovirus type 2, Streptococcus sp., or B. bronchiseptica, induces primary lesions and decreases the host's defense, allowing mycoplasma to colonize the LRT. 3, 13, 36 However, M. cynos has been isolated in pure culture from the lungs of puppies, in which viruses (distemper virus, canine adenovirus type 1 and 2, herpesvirus), aerobic and anaerobic bacteria, fungi, and parasites were searched for but not found. 37 Our study strongly suggests a primary pathogenic role of M. cynos.
It is challenging to definitively demonstrate that an association is indeed causal; some criteria, referred to as Bradford Hill criteria, have been proposed to help assess causality. 38 with signs of LRT disease) versus controls. Given that there are many other known causes of LRT disease in dogs, at least some of which are likely more common than respiratory mycoplasmosis, the number of mycoplasma-negative dogs is expected to be higher than the number of mycoplasma-positive dogs among the cases, and this tends to skew the OR toward lower values. 39, 40 Interestingly, the pooled OR of 3.6 is analogous to the pooled OR of 2.4 found in another meta-analysis on the association between M. felis and upper respiratory tract diseases in nonshelter cats. 14 A causal relationship requires that the exposure (ie, M. cynos infection) starts before the outcome (ie, LRT signs) occurs. 38 The design of 1 study allowed investigation of this temporality criterion, because all of the dogs were free of LRT signs when entering the rehoming kennel. 34 The fact that 46% (12/26) dogs mounted an antibody response to M. cynos antigen among those that developed clinical signs supports an exposure to M. cynos, followed by a disease state.
However, 3/16 dogs that did not develop respiratory signs also underwent seroconversion in this study. All 3 dogs had demonstrated antibody to M. cynos since the first day, indicating a likely past exposure to this agent and possible protection against M. cynos. As for M. felis in shelter cats, nonclinical carriage of M. cynos strains for months has been suspected in kenneled dogs. 14, 41 No heterogeneity was detected in our meta-analysis, confirming coherence and consistency of the association between M. cynos and LRT signs. Failure to demonstrate this association in individual studies seems to be a consequence of a lack of statistical power according to our forest plot ( Figure 2) . exfoliation of type II pneumocytes. 36, 37, 46 The fact that the On the other hand, the association clearly was not significant according to the Bayesian model. Only 3 studies were included in the meta-analysis, and the number of dogs in 2 of the studies was relatively small. 32, 35 Various statistical methods (eg, fixed-effects and random-effects DerSimonian-Laird models or Bayesian models) can be used to perform meta-analyses. All methods have limitations, especially when only a few studies are included in the meta-analysis. [24] [25] [26] Fixed-effects models are appropriate for small meta-analyses, because a summary based on ≥2 studies yields a more precise estimate of the true effect than either study alone. 48 However, fixed-effects models assume that all studies arise from a unique population, which does not fit reality in our situation (ie, the environments of the dogs are different in all 3 studies, thus indicating 3 different populations). Randomeffects DerSimonian-Laird models take into account effect size heterogeneity among studies and therefore are more realistic. However, their accuracy is impacted by the number of studies included in the meta-analysis. Confidence intervals for the effect size are narrower on average than they should be and P-values associated with hypothesis testing are smaller than expected when the number of studies is modest. 49 Conversely, Bayesian meta-analysis is considered more No influential studies were detected in the present meta-analyses appropriate when a small number of studies is included or when studies have less event data. 50 Our systematic review and associated meta-analyses had several limitations, mainly pertaining to the low number of studies included.
This low number of studies more likely reflects the paucity of data available on the topic, rather than being because of study omission. Indeed, a comprehensive electronic search was conducted that included 7 databases. The large number of databases was used to screen for as many articles as possible, regardless of their language and source, as recommended by the Cochrane Collaboration. 51 This also is important to avoid overestimation of the effect size, because studies with positive findings are reportedly more likely to be published in English and in journals indexed in Medline. 51, 52 The low number of included studies may have impacted both effect size precision and heterogeneity estimation. 53 In 3 of the 4 meta-analyses performed, I 2 was 0%, whereas I 2 was 12% for the meta-analysis assessing the association between M. edwardii and LRT disease. By examining the forest plots, it can be seen that heterogeneity truly seems small, because all individual ORs tend to line up. The variance within studies is relatively large (ie, individual studies are underpowered) and fully explains the variance among studies. Put another way, given the imprecision of the studies, we would expect the effect size to vary somewhat from 1 study to the next.
Therefore, we believe that heterogeneity is truly small in all 4 meta-analyses. When a meta-analysis has few studies and true heterogeneity is small, I 2 will tend to be overestimated. 53 Hence, consistency among studies is very likely in our meta-analyses. Reliability of the effect size estimation is very dependent on the quality of the studies included. The risk of bias was assessed with the NOS. The Cochrane Collaboration's tool for assessing risk of bias generally is considered superior to the use of scales, but this tool is designed for randomized trials only, not for observational studies. 54 For nonrandomized noninterventional studies, the Cochrane Collaboration recognizes the NOS as 1 of the most useful tools for assessing the risk of bias. The NOS is simple to apply, and ratings usually are easily interpreted. Risk of bias was identified in most studies regarding definition of cases and controls, adjustment for confounders, and the laboratory technique used to ascertain exposure to mycoplasmas. Definition of cases and controls can affect the magnitude and statistical significance of the size effect, as well as being a source of heterogeneity among studies. 55 Indeed, studies are not necessarily comparable if they did not include the same populations of dogs (cases may be restricted to dogs with respiratory distress or to dogs with cough only, which do not represent the same population of patients).
Confounders suspected to potentially bias the relationship between mycoplasmas and LRT disease include young age, coinfections, and oropharyngeal contamination. 12, 13 Age rarely was described in the included studies, and no studies adjusted the statistical analysis or matched cases and controls on age. Potential coinfections rarely were assessed.
Of the 3 studies that used bronchoalveolar lavage as a sampling method, 2 excluded samples with evidence of oropharyngeal contamination (ie, exclusion of samples showing Simonsiella spp. or squamous cells). 31, 35 Finally, the laboratory techniques used to identify exposure to mycoplasmas and to characterize the species were different among studies. Although PCR may be more sensitive than culture, there is no clear evidence to ascertain a difference in diagnostic accuracy between the 2 techniques. 8, 9 When mycoplasmal culture was performed, 1 study used PCR for species identification 33 whereas another used serology. 32 Because cross-reaction among species is possible with serology, proper species identification cannot be completely ascertained in the latter study. 5, 53 One study used Western immunoblot serology for both mycoplasmal exposure and species identification. 34 Western immunoblotting currently is considered the most sensitive and specific serological technique for detection of anti-Mycoplasma pneumoniae antibodies in humans. 8 A previous study showed that dogs experimentally inoculated with M. cynos developed antibody titers solely to this bacteria. 3 Despite these flaws in study quality, the absence of heterogeneity among studies in the 4 meta-analyses suggests a limited risk of bias.
Publication bias could not be assessed because there were <10 included studies. 54 In 
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